Introduction
============

Myocardial infarction (MI) is one of the leading causes for high mortality worldwide and usually poses a huge threat to human health ^[1](#fn1){ref-type="fn"}^ . It refers to a kind of acute coronary syndrome induced by abnormal blood flow in the heart ^[@B2]\ ,\ [@B3]^ . Prior studies have validated the importance of reperfusion as an efficacious strategy against MI ^[@B4]^ . However, the conduction of reperfusion often results in a myocardial ischemia-reperfusion (I/R) injury by diverse physiological processes ^[@B5]^ . Thus, how to prevent cardiomyocytes from I/R injury is the key for treatment of myocardial ischemia and other related diseases.

Up to date, researches have clarified that microRNAs (miRNAs) are involved in the processes of diseases caused by ischemia, regulating the posttranscription of their target genes ^[@B6]^ . A strong relationship between the level of miRNAs and disorders has been reported in the literature. For example, miR-145-5p triggers apoptosis by inhibiting dual specificity phosphatase 6 (DUSP6) after I/R ^[@B7]^ . MiR-370 has a protective effect on myocardial H/R injury in mice by modulating PLIN5-dependent PPAR signaling pathway ^[@B8]^ . Zhu *et al* . ^[@B9]^ expounded that inhibition of miR-320 enforces protective influence on myocardial I/R injury through stimulating nuclear factor NF-E2 related factor 2 (Nrf2) expression. These reports establish a foundation, implying that miRNAs can be regarded as biomarkers to apply in the treatment of myocardial I/R injury. In these miRNAs, it has been proved that miR-134 participates in neuronal cell death caused by I/R injury ^[@B10]^ . Zhou *et al* . ^[@B11]^ evaluated that the occurrence of acute ischemic stroke is associated with increased miR-134. The proliferative ability of cardiomyocyte progenitor cells could be modulated by miR-134 ^[@B12]^ . Additionally, miR-134-5p has been regarded as a promising biomarker for acute myocardial infarction diagnosis ^[@B13]^ . These researches suggested that miR-134 might hold a potent regulation of myocardial H/R injury. However, the potential effects about miR-134 have not elaborated clearly.

This present study was conducted to detect the role of miR-134 through establishing a model of myocardial H/R injury in rat cells. We assessed the expression of miR-134, finding that miR-134 has an important role on myocardial H/R injury-induced cell apoptosis and proliferation as well as lactic dehydrogenase (LDH) activity. Western blot examination revealed that inhibition of miR-134 can be used to activate the PI3K/Akt pathway. Moreover, prediction of bioinformatics software and luciferase reporter assay identified that nitric oxide synthase 3 (NOS3) is a target gene of miR-134; thereby, further experiments showed that miR-134 can attenuate the expression of NOS3 and overexpressed NOS3 was capable to intensify the influence relying on miR-134 inhibitor in myocardial I/R injury. These results introduce to us novel clues against myocardial I/R injury.

Methods
=======

Myocardial ischemia model in rat cardiomyoblasts H9c2 cells
-----------------------------------------------------------

The rat cardiomyoblasts H9c2 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and then incubated in Dulbecco's modified eagle's medium (DMEM; Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, MO, USA) and gentamicin (Sigma-Aldrich). After the conversion of DMEM medium into serum-free medium, cells were exposed to anoxic environment (95% N ~2~ , 5% CO ~2~ and 0% O ~2~ ) at 37°C for 6h. Then, reperfusion progression was performed in normal incubator with 95% O ~2~ and 5% CO ~2~ for additional 24 h at 37°C.

Transient transfection
----------------------

GenePharma (Shanghai, China) delivered miR-134 mimic (5'-UGUGACUGGUUGACCAGAGGGG-3')/inhibitor (5'-CCCCUCUGGUCAACCAGUCACA-3') and their corresponding negative control (NC; mimic NC, 5'-UUGUACUACACAAAAGUACUG-3'; inhibitor NC, 5'-CAGUACUUUUGUGUAGUACAA-3') and the Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) was used to implement transient transfection as the manufacturer's instruction. The vector of pcDNA3.1-NOS3 was constructed to overexpress NOS3. Afterwards, 48h-transfected cells were applied in future experiments.

Cell apoptosis assay
--------------------

Cell apoptotic activity was assessed utilizing Annexin V/FITC kit (Beyotime, Shanghai, China). Briefly, harvested cells were put in centrifuge tubes to centrifuge two times at 1000 rpm for 5 min. Removed supernatant and resuspended by 1 × binding buffer to adjust cell density into 1-5 × 10 ^[@B6]^ /mL. Subsequently, 100 μL of cell suspension and 5 μL of Annexin V/FITC were well mixed to block in darkroom for 5 min. For machine testing, cells were susceptible to the staining mixture, 10 μL of PI and 400 μL of PBS. Finally, the results were analyzed by Flowjo software (Tree Star Inc, Ashland, OR).

Hoechst 33342/PI double staining assay
--------------------------------------

Hoechst 33342/PI double staining was conducted according to the manufacturer's protocols. H9c2 cells were incubated with Hoechst 33342 (10 μg/mL) and PI (10 μg/mL) at 37°C for 15 min, respectively. After washing using PBS, the cells were observed under the fluorescent microscope.

CCK-8 assay
-----------

Cell proliferative ability was elevated by CCK-8 assay. Following transfection, cells were placed in 96-well plates with the density of 1000 cells per hole. The culture condition is 5% CO ~2~ and 37°C. Next, we selected cells that cultured for 0, 24, 48 and 72h to measure corresponding proliferative prosperity. Before detection, 10 μL of CCK-8 regent were added into per well and then cells were cultured for 1.5h at 37°C. The wavelength of 450 nm was set up for optical density (OD) value examination using a microplate reader.

RNA isolation and quantitative real-time PCR
--------------------------------------------

To isolate total RNA, TRIzol (Invitrogen, Carlsbad, CA, USA) was presented according to the manufacturer's protocols. RNA of specific gene was reverse transcribed into complementary DNA (cDNA) by means of PrimeScript RT Reagent Kit (Takara, Japan). Real-time PCR was conducted at 7900HT real-time PCR system using SYBR Premix Ex Taq II (Takara, Japan). By contrast, the conversion of miRNA into cDNA was assisted by the MiScript Reverse Transcription kit (Qiagen GmbH, Hilden, Germany). Correspondingly, the expression level of miR-134 was confirmed via MiScript SYBR-Green PCR kit (Qiagen). GAPDH and U6 were normalized to experimental control and the 2 ^-^ method was applied to calculate relative expression level of specific gene or miRNA.

The primer sequences are as follows:

NOS3forward primer, 5'-GTGATGGCGAAGCGAGTGAAG-3'; reverse primer, 5'-CCGAGCCCGAACACACAGAAC-3'.GAPDHforward primer, 5'-GTCTCCTCTGACTTCAACAGCG-3'; reverse primer, 5'-CCGAGCCCGAACACACAGAAC-3'.miR-134sense: 5'-TGTGACTGGTTGACCAGAGG-3'; antisense: 5'-GAACATGTCTGCGTATCTC-3'.U6sense: 5'-CTCGCTTCGGCAGCACA-3'; antisense: 5'-AACGCTTCACGAATTTGCGT-3'.

Protein extraction and western blot
-----------------------------------

Protein was extracted relying on RIPA lysate with protease inhibitor and their concentration was revealed by the bicinchoninic acid (BAC) method. After being denatured at 95°C for 5 min, protein samples were separated in 12% SDS-PAGE and transferred to PVDF membranes. This was followed by incubating in 5% skim milk for 1h and blocking with primary antibodies (1:1,000; Cell Signaling Technology, Danvers, MA, USA) overnight. Subsequently, the membranes were washed using TBST and incubated in secondary antibodies. The addition of ECL contributed to develop and QUANTITY ONE software was to scan gray values of protein bands. The primary antibodies contain Bcl-2, Cleaved Caspase-3, Cleaved Caspase-9, NOS3, PI3K, p-PI3K, Akt, p-Akt and GAPDH.

Lactic dehydrogenase (LDH) detection
------------------------------------

After the H/R treatment, the culture medium was removed and pre-cold PBS was utilized to wash cells. Extract regent was added according to the number of cells (10 ^[@B4]^ ) and the volume of extract (mL) at a ratio of 500:1. Then, cells were disrupted on ice, centrifuged at 8000g for 10 min at 4°C. LDH levels of cell supernatant were immediately detected with LDH kit (Solarbio, Beijing, China) under a spectrophotometer.

Luciferase reporter assay
-------------------------

The HEK 293T cells were seeded into 24-well plates. When cell confluence was up to 80%, NOS3-wild type (NOS3-WT) and NOS3-mutant (NOS3-MUT) with miR-134 mimic were co-transfected. At 48 h post transfection, proteins were isolated and luciferase activity was determined with Dual-Luciferase Reporter Assay Kit (Promega, Madison, WI).

Data analysis
-------------

All experiments were repeated at least three times and data were presented as means ± standard deviation (SD). The comparison in two groups was analyzed using t-test while multiple comparisons were demonstrated by one-way analysis of variance (ANOVA) along with post hoc test, Tukey or Dunnett. The statistical software included SPSS22.0 and GraphPad Prism 6.0. P \< 0.05 was regarded as significant criteria.

Results
=======

MiR-134 was upregulated caused by hypoxia/reoxygenation (H/R) and transient transfection efficiency
---------------------------------------------------------------------------------------------------

To explore the function of miR-134 in myocardial ischemia, an in vitro myocardial ischemia model was constructed by treating rat cardiomyoblasts H9c2 cells with H/R conditions. The mRNA analysis of treated H9c2 cells, showed significant increases of miR-134 expression level in the H/R group compared with the Sham group ( [Fig. 1A](#f01){ref-type="fig"} , P\<0.01). Next, in preparation for the later trial, miR-134 mimic and miR-134 inhibitor were used to transfect H9c2 cells, respectively. As can be seen from [Figure 1B](#f01){ref-type="fig"} , compared with miR-134 mimic/inhibitor NC, miR-134 showed a higher level because of the interference of miR-134 mimic while miR-134 revealed a lower level caused by miR-134 inhibitor (P\<0.01).

Figure 1- Expression of miR-134 in H9c2 cells under H/R environment. ( A ) The expression of miR-134 was higher in the H/R group than that of the Sham group, \*\*P\<0.01 *vs.* Sham group. ( B ) After different treatments, the miR-134 expression level in H9c2 cells, \*\*P\<0.01 *vs.* Sham group.

Deletion of miR-134 mitigates myocardial injury induced by H/R
--------------------------------------------------------------

LDH detection, cell proliferation assay and flow cytometry examination were performed to identify the effect of miR-134 on myocardial injury. LDH activity was higher in cells from the H/R group than from the Sham group, which indicated consistent pattern in H/R+miR-134 mimic group, while the H/R+miR-134 inhibitor group demonstrated the lower levels of LDH ( [Fig. 2A](#f02){ref-type="fig"} , P\<0.05). Moreover, miR-134 mimic transfection exacerbated myocardial injury via encouraging cell apoptosis and impairing cell viability ( [Fig. 2B-C](#f02){ref-type="fig"} , P\<0.01). Another important finding was that the transfection of the miR-134 inhibitor had a diametrically opposite effect on cell apoptosis and growth compared to miR-134 mimic infection ( [Fig. 2B-C](#f02){ref-type="fig"} , P\<0.01). The following findings were consistent with the above mentioned observation that significant the reduction of the Bcl-2 protein expression was observed in the H/R+miR-134 mimic group when compared with that in the H/R and Sham groups ( [Fig. 2D-E](#f02){ref-type="fig"} , P\<0.05). Meanwhile, pro-apoptotic proteins, Cleaved Caspase-3 and Cleaved Caspase-9, were evidently increased ( [Fig. 2D-E](#f02){ref-type="fig"} , P\<0.05). It can therefore be assumed that the miR-134 downregulation can lighten cardiomyoblasts injury derived from H/R.

Figure 2Cell apoptosis caused by H/R was enhanced with miR-134 mimic transfection but blocked via miR-134 inhibitor intervention. ( A ) LDH activity was examined in all groups, \*\*P\<0.01 *vs.* Sham group, \#\# P\<0.01 *vs.* H/R group. ( B ) Cell proliferation was explored by CCK-8, \*\*P\<0.01 *vs.* Sham group, \#\# P\<0.01 *vs.* H/R group. ( C ) The effects of mR-134 on cell apoptotic ability by the means of flow cytometry assay and quantified, \*\*P\<0.01 *vs.* Sham group, \#\# P\<0.01 *vs.* H/R group. ( D ) and ( E ) The apoptosis-related proteins were assessed with western blotting, \*\*P\<0.01 *vs.* Sham group, \# P\<0.05 *vs.* H/R group, \#\# P\<0.01 *vs.* H/R group.

Inhibition of PI3K/Akt signaling pathway led by H/R was restored due to the downregulation of miR-134
-----------------------------------------------------------------------------------------------------

It is apparent true from explorations that the PI3K/Akt signaling pathway plays a protective role on cardiomyoblasts via mediating the evolution of myocardial injury. In [Figure 3A](#f03){ref-type="fig"} , there is a clear trend showing a decreasing expression level of p-PI3K and p-Akt in H9c2 cells treated with H/R compared with control group, while PI3K and Akt showed no obvious difference. On the contrary, miR-134 knockdown restored the expression of p-PI3Kand p-Akt to some extent, manifesting the activation of the PI3K/Akt signaling pathway ( [Fig. 3A](#f03){ref-type="fig"} ). Besides, the gray values quantitation of proteins clearly revealed this influence ( [Fig. 3B](#f03){ref-type="fig"} , P\<0.01). In summary, for the information in these explanations, reduction of miR-134 can protect cardiomyoblasts from H/R-induced myocardial injury through the activation of the PI3K/Akt signaling pathway.

Figure 3Inhibition of the PI3K/Akt signaling pathway led by H/R was restored due to the downregulation of miR-134. ( A ) and ( B ) Western blot assay was conducted to test the expression of key proteins in the PI3K/Akt signaling pathway, \*\*P\<0.01 *vs.* Sham group, \#\# P\<0.01 *vs.* H/R group.

NOS3 was directly targeted by miR-134 and its overexpression stresses the mitigation of miR-134 on myocardial damage
--------------------------------------------------------------------------------------------------------------------

The association between miR-134 and NOS3 was figured out subsequently. Bioinformatic software provided the complementary sequence of miR-134 and NOS3, which was exhibited in [Figure 4A](#f04){ref-type="fig"} . By analyzing the result of luciferase reporter assay, we verified their interrelation: cells treated with NOS3-WT and miR-134 mimic delivered markedly lower luciferase activity while cells that co-transfected with NOS3-WT and miR-134 mimic presented no differences in luciferase activity ( [Fig. 4B](#f04){ref-type="fig"} , P\<0.01). Moreover, we also performed qRT-PCR and western blotting experiments to further identify this interaction. After treating with H/R environment, the relative mRNA expression of NOS3 was significantly decreased compared to the Sham group and the addition of miR-134 mimic reinforced the inhibitory effect caused by H/R ( [Fig. 4C](#f04){ref-type="fig"} , P\<0.01). In the same way, the findings of western blot and quantified analysis showed a downtrend at the NOS3 protein expression level in corresponding teams ( [Fig. 4D-E](#f04){ref-type="fig"} , P\<0.01).

Figure 4- NOS3 was directly targeted by miR-134 and simultaneously its expression was suppressed owing to the overexpression of miR-134. ( A ) The sequence of binding site between miR-134 and NOS3. ( B ) The luciferase activity was decreased because of miR-134 mimic in the NOS3-WT group but increased in the NOS3-MUT group, \*\*P\<0.01 *vs.* miR-134 mimic NC group. ( C ) The mRNA expression of NOS3 was investigated through qRT-PCR, \*\*P\<0.01 *vs.* Sham group, \#\# P\<0.01 *vs.* H/R group. ( D ) and ( E ) Evaluation of NOS3 expression in western blot, \*\*P\<0.01 *vs.* Sham group, \#\# P\<0.01 *vs.* H/R group.

The next section was concerned with the influence of overexpressed NOS3 on the effect in cell apoptosis and growth induced by the miR-134 inhibitor. To confirm the apoptotic cell death, Hoechst 33342/PI double staining experiment was implemented. As shown in [Figure 5A](#f05){ref-type="fig"} , H/R treatment contributed to the death of apoptotic cells compared with the Sham group, and miR-134 inhibitor and overexpression of NOS3 significantly inhibited the death induced by H/R treatment. Cell apoptosis assay elucidated that miR-134 downregulation led to visible suppression in apoptotic ability followed by H/R treatment; likewise, high expression of NOS3 strengthened the decreased number of cell apoptosis that resulted of the miR-134 inhibitor interference ( [Fig. 5B-C](#f05){ref-type="fig"} , P\<0.01). CCK-8 analysis implied that upregulated NOS3 provided the consistent function with miR-134 inhibitor on cell viability in H9c2 cells treated by H/R condition. All they can promote cell proliferative capability when the H/R group was considered as control ( [Fig. 5D](#f05){ref-type="fig"} , P\<0.01). Overall, these results validated that NOS3 is a target gene of miR-134 and its overexpression could stress the mitigation of miR-134 on myocardial damage.

Figure 5- NOS3 accentuated the relieve effect of miR-134 downregulation on myocardial damage resulted by H/R condition. ( A ) Apoptotic cell death was assessed using Hoechst 33342/PI double staining. ( B ) and ( C ) Cell apoptosis was detected by flow cytometry analysis, \*\*P\<0.01 *vs.* Sham group, \#\# P\<0.01 *vs.* H/R group, && P\<0.01 *vs.* H/R+miR-134 inhibitor group. ( D ) Detection of cell viability using CCK-8 assay, \*\*P\<0.01 *vs.* Sham group, \#\# P\<0.01 *vs.* H/R group, && P\<0.01 *vs.* H/R+miR-134 inhibitor group.

Discussion
==========

It has been extensively studied that H/R can trigger damage to the membrane of cardiomyocytes, further leading to release of cellular enzymes. Thus, the detection of LDH activity contributes to confirm the degree of myocardial damage ^[@B14]\ ,\ [@B15]^ . In addition, considering the important significance of skeletal myoblasts in heart diseases, we selected H9c2 cells with better stability and reproducibility instead of primary rat cardiomyocytes ^[@B16]\ ,\ [@B17]^ . MiR-134 is a well-described microRNA in brain, and it has been widely used to modulate the development and physiology of brain ^[@B18]^ . According to previous researches, we observed that miR-134 is located in hippocampal neurons in rats and interacts with memory formation through controlling CREB protein expression level ^[@B19]\ ,\ [@B20]^ . In the study of Rong *et al* . ^[@B21]^ , miR-134 was presumed to be a peripheral biomarker for diagnosis of bipolar disorder because of its altered level in blood. This seems to be prompting us that miR-134 was involved in brain-related diseases by manipulating physiological reactions correlated with blood. As evidence, it has been verified that a reduction of miR-134 can moderate ischemic injury ^[@B10]^ . Mice were also utilized to demonstrate the effect of miR-134 in the cerebral ischemic cortex and similar results were obtained ^[@B22]^ . Based on the extensive literature about the involvement of miRNAs in myocardial I/R injury treatment and the impact of miR-134 in ischemic disorders, we turned to explore the effects of miR-134 against myocardial H/R injury ^[@B22]\ -\ [@B24]^ . As expected, we found that miR-134 was increased after H/R by means of H9c2 cells and the conduction of flow cytometry assay and CCK-8 analysis showed us that miR-134 mimic/inhibitor can strengthen/alleviate cardiomyocyte injury led by H/R. LDH activity was also regulated by a diverse expression level of miR-134.

To complete this study, we next predicted the target gene of miR-134 and discovered that NOS3 is one of the target genes of miR-134. NOS3 is a major gene, encoding endothelial NOS (eNOS). A considerable amount of literature has been published to illustrate the essential effect of eNOS for the protection of a normal cardiovascular system ^[@B25]^ . Its primary role is attributed to the generation of NO; and then the generated NO is used to regulate vascular tone, platelet aggregation and cell proliferation ^[@B26]^ . On the basis of the above mentioned, Zhang *et al* . ^[@B27]^ indicated that the activity of eNOS was encouraged by alprostadil to protect myocardial I/R injury. Protective impacts induced by Shenfu injection on myocardial H/R injury was supported by activated eNOS ^[@B28]^ . Here, we confirmed the repressive expression of NOS3 was linked with upregulated miR-134. Increased NOS3 could further redouble the miR-134-trigerred positive role on myocardial damage, including the inhibition of cellular apoptosis and promoting cell growth. In general, these observations pointed that miR-134 is responsible for the myocardial I/R injury mediating NOS3 level.

It is known to all that the PI3K/Akt pathway is an important signaling pathway diametrically correlated with cellular behaviors and diverse molecular mechanisms ^[@B29]^ . Moreover, in accordance with the previous reports, the myocardial I/R injury moderation has a close interaction with the PI3K/Akt/eNOS signaling pathway ^[@B30]^ , which is consistent with our results that higher expression of NOS3 was beneficial to myocardial I/R injury. A large set of significant clusters has also raised the credibility of the correlation between the PI3K/Akt pathway and myocardial I/R injury through diverse target substances, such as total paeony glycoside, hesperidin, shikonin, 6-Gingerol and so forth ^[@B31]\ -\ [@B34]^ . Therefore, we implemented western blot to depict the expressional level of marker proteins, p-PI3K and p-Akt, and discovered that the miR-134 inhibitor ameliorated the suppression of PI3K/Akt phosphorylation caused by H/R. This finding gave an account that the protective effect of down-regulated miR-134 on myocardial H/R injury was achieved by regulating the PI3K/Akt pathway.

Conclusions
===========

The deletion of miR-134 could attenuate myocardial H/R injury modulating the PI3K/Akt pathway and targeting NOS3, thus weakening apoptotic activity and elevating proliferative ability. These results will prove useful in expanding our knowledge of how to treat myocardial I/R injury effectively.

Research was performed at Department of Cardiovascular Medicine, Daqing Oilfield General Hospital.

Financial source: none

[^1]: The authors contributed equally to this work.

[^2]: Conflict of interest: none
